Apodized structures for the integration of defect sites into photonic lattices We introduce a versatile concept to optically induce photonic structures of local refractive index modulations as well as photonic lattices holding single defect sites. For a given structure, we develop a set of nondiffracting beams obtained by fractionalizing the corresponding spatial spectrum. By combining this set in a multiplexing procedure, we achieve an incoherent combination of all individual structures of the set resulting in a locally addressable refractive index manipulation. We exemplarily present experimental results for apodized, meaning locally confined index changes in a photorefractive crystal resembling a sixfold and a circular symmetric structure. By an additional multiplexing step, we furthermore create periodic photonic lattices featuring embedded defects. Breaking symmetries often bears the initiation of additional degrees of freedom and states closely connected with a widening of a system's complexity. [1] [2] [3] It is further a global insight that nature's characteristic of breaking symmetry is the fundamental reason for beauty. Thus, naturally occurring lattices in general are hard to find in a perfect, defect-free manner. However, irregularities and defects are the reason for phase transition effects and localization behaviors. 4, 5 Especially among photonic crystals and lattices, defect sites allow for propagation and even trapping of light in an otherwise forbidden defect state. These states appear in band gaps between the allowed Bloch mode bands and show intriguing behavior in the linear as well as in the nonlinear regime. [6] [7] [8] For instance, defect solitons and stable optical vortices are some of the most astonishing outcomes of particular defect-holding configurations. [9] [10] [11] [12] Various scanning techniques have been developed in recent years to establish defect-holding model systems, such as direct laser writing or holographic lithography. 13, 14 Another appropriate candidate is the optical induction of a photonic structure in the refractive index of a nonlinear optical material. 15 In the past, particular shapes of defect manipulated wave fields could be observed in a highly specialized system of photorefractive crystals in experiment. 16 In combination with the concept of nondiffracting beams (NDBs) 17 as writing light fields, the optical induction technique is highly suitable to generate two-dimensional (2D) photonic structures that are macroscopically elongated in the third dimension. The continuity of the transverse micro-scaled modulation over a macroscopic longitudinal distance thereby is a unique feature among parallel induction techniques and thus allows for an analysis of the propagation along this direction in a fundamental analogy to a temporal development of a probe light field. For such a system, a rather convenient approach is the introduction of a nondiffracting defect beam, 18 as we could show recently. The coherent combination of a hexagonal discrete nondiffracting beam and a p phase-shifted Bessel beam of zeroth order creates a transverse hexagonal intensity distribution with a single suppressed lattice site. Though, for this particular nondiffracting field distribution, the remaining stability of the underlying regular pattern seems to be an exceptional case, as for other configurations the lattice is distorted due to additional interference effects. However, the longitudinal symmetry of a NDB can easily be broken by proper interference with additional light fields. A non-tilted plane wave, for instance, introduces periodic modulation of the overall intensity in the direction of propagation, enabling threedimensional structuring. 19 To create more complex 2D photonic structures, we introduced the technique of holographic multiplexing. 20, 21 Recently, we could show that this technique allows for the generation of multiperiodic structures such as one-and two-dimensional ratchet as well as rectangular superlattices by using NDBs with periodic intensity. 22, 23 In this Letter, we introduce a generally applicable technique to optically induce localized photonic structures of macroscopic elongation. We are going to show as well that these localized structures arising from apodization of a macroscopic structure are the basis for arbitrary photonic patterns holding single defect sites. For both approaches, we apply holographic multiplexing techniques. In the following, we specify the individual steps that are necessary for our multiplexing approach to realize localized photonic structures. For convenience, we conceptualize an effective 2D intensity distribution according to a desired photonic structure. This effective intensity is a result of incoherently superimposing a set of fundamental NDBs adapted from a segmentation procedure of the desired structure's spatial spectrum.
At first, we multiply the 2D field distribution W of a regular NDB with a binary mask M q in the shape of a cylinder function of radius q
where * symbolizes a convolution operation. This procedure is illustrated in function. Since the spatial frequencies of NDBs are confined on a circle, a spectrum of broad radial width violates the condition for nondiffracting propagation and thus, the desired structure cannot be implemented by a single NDB.
However, to reproduce the desired structure in the manner of an expansion operation, we fractionalize the resulting spectrum into N rings of increasing radius. In Fig. 1(c) , the separation is illustrated schematically for the case of N ¼ 5 by five rings overlaid with the original broadened spectrum. Consequently, each ring resembles the spectrum of a structure acting as one fundamental of the expansion. The fractionalization can be achieved by a multiplication of the broadened spectrum with the spectrum of a Bessel NDB of zeroth order B 0 which is a ring of radius k t with homogeneous amplitude and phase 17 along the ring
Hence, we obtain a set of fundamental NDBs w i with i ¼ 1; …; N, highlighted around the separated spatial spectrum in the center of Fig. 1(c) . As shown in Fig. 1(d) , the incoherent combination of all w i results in the desired localized structure, provided that the weighting of each contribution is implemented adequately. That is, keeping the maximum and minimum intensities of each ring-like sub spectrum in a fixed mutual amplitude relation. The break up of the phase relation between the individual spatial rings due to our incoherent approach only leads to small contributions of effective intensity not changing the result significantly.
In fact, by incrementing the amount of expansion terms, the original localized structure will be approximated better and better. But already a rather small amount of terms resembles the desired structure in a good agreement, as can be observed by comparing Figs. 1(b) and 1(d) . A comparison between the effective intensity in Fig. 1(d) and the intensity of an individual NDB among the set [e.g., lowest middle image in Fig. 1(c) ] reveals that prominent side lobes are predominantly suppressed due to apodization using the intensity expansion method.
For an experimental realization, we use an optical setup similar to the one introduced in Ref. 23 . The set of NDBs we engineered beforehand can now be applied to optically induce a localized photonic structure. That is, each individual NDB successively illuminates a photosensitive medium for a distinct writing time determined by the mutual weighting of each term. We use liquid crystal spatial light modulators (Holoeye Pluto and LC-R 2500) to translate computer-calculated phase and amplitude distributions into desired light fields. Thus, for our experiments, we bring laser light of a frequency doubled Nd:YAG laser (k ¼ 532 nm) to remain nondiffracting within a finite volume.
In the presented experiments, we employ a photorefractive strontium barium niobate (SBN) crystal of 5 Â 5 Â 20 mm 3 which is commonly used to optically induce photonic structures at micro scales. 15, 24 In contrast to the transverse dimensions, the propagation distance for a writing beam through the crystal is 20 mm. The crystal's symmetry axis (c-axis) directs along one 5 mm side.
After a complete illumination cycle, the sequence is repeated multiple times until the induced refractive index saturates to the desired level. Notice that the illumination time of each writing beam is much shorter than the typical time constant of several minutes for the used writing intensities to achieve a saturated state of maximum refractive index contrast. 25 We further implemented a digital holographic analysis method to monitor the refractive index modification, as described in Ref. 23 . Using this technique, we obtain the amplitude and phase information of a probe beam that is phase retarded by propagating through the photonic structure. In order to avoid nonlinear self-focusing effects during the analyzing process, we use low-intensity plane wave probe beams. Since the used phase unwrapping algorithms become inaccurate for high index contrasts showing steep gradients that cannot be resolved properly, we exclusively present re- To prove the feasibility of the presented method in experiment, we analyze the induction of two exemplary localized structures, namely, a hexagonal arrangement of six local maxima and a doughnut distribution. Both structures originate each from particular NDB intensities where the first one resembles a graphene-like photonic structure 25, 26 and the second one is a Bessel beam of first order.
In Fig. 2 , results are presented for the hexagonal (a)-(d) as well as for the circular structure (e)-(h). For realizing both structures, we implemented an illumination cycle of N ¼ 6 multiplexing steps where each cycle takes 10 s. The first column represents the localized structure (highlighted) and the underlying regular intensity distribution (in background). Considering the anisotropic model for a refractive index modulation in a drift dominated photorefractive crystal, 27 we calculated the respective refractive index the characteristic side lobes are predominantly suppressed in the presented case. As a consequence, such an induction configuration allows for fabricating single waveguides with huge elongations of 20 mm even in the linear power regime of a few 100 nW of writing power.
In the following part, we present how to further advance the introduced technique implementing the field switch multiplexing (FSM) method in order to develop defect-holding photonic lattices. To achieve this via the combination of a regular and a localized structure, we introduce an additional illumination step with a regular NDB. We further allow positive and negative external voltages, i.e., static electrical fields directing parallel and anti-parallel to the c-axis. In contrast to a positive voltage effecting a refractive index increase, a local intensity maximum causes a negative change in the refractive index provided that a negative voltage is applied. The sign of the external voltage is often referred to as focusing and defocusing nonlinearity, respectively, since beams show focusing and defocusing characteristics depending on the direction of the field. 28 Exploiting this, we are able to minimize and even invert a refractive index increase when applying a static field of negative amplitude.
In Fig. 3 , the development of a periodic hexagonal effective intensity with an embedded seven lattice-site defect via FSM method is presented. Therefore, the formerly introduced set of intensities involving N induction steps (cf. Fig. 1 ) is extended by a periodic intensity modulation, increasing the number of contributing intensities to N þ 1. Depending on whether to increase or to decrease the refractive index to a desired contrast level, the proper sign of the external voltage and the particular illumination time have to be chosen.
Experimental results of exemplarily induced photonic defect structures are presented in Fig. 4 . Here, two qualitatively different hexagonal lattices are provided with defect sites using the presented FSM method. Correspondingly, the underlying regular refractive index and intensity distribution (respective insets) for these two cases are each shown in Figs. Figure, The results of the induction of a hexagonal structure holding a seven-site defect are shown in Figs. 4(d)-4(f) . Here, we implemented N þ 1 ¼ 5 multiplexing steps. As introduced before, varying the defect strength is feasible by controlling the relation between the illumination times of both the regular lattice and the defect site contribution. This is demonstrated in Figs. 4(e) and 4(f) where the left-part structure is realized due to a ratio of illumination time for regular to defect structure by 5:6 whereas the right-part ratio is 5:2. The respective multiplexing cycle periods were determined to 11 s and 7 s. In particular, the measured refractive index distributions in Fig. 4(e) illustrate the difference, since the defect sites of the left part are suppressed below the regular offset value. In contrast to this, the defect area of the right half is nearly diminished to the offset corresponding to a complete erasure of these individual lattice sites. Against the background of regular band structures, controlling the relative strength of the defect site is an adequate way to regulate the propagation characteristics of defect modes in the linear as well as in the nonlinear regime. 29 To summarize, we have developed a generally applicable multiplexing technique in order to optically induce 2D apodized photonic structures with a macroscopic elongation in the third dimension. Therefore, we demonstrated that a separation of the spatial spectrum of an individually designed 2D localized structure resulting in a set of NDBs can be used to incrementally multiplex the desired structure into a photorefractive crystal. We further improved this procedure by an additional induction step with a regular pattern in combination with switching the sign of the externally applied voltage. In consequence, implementing such an apodized structure allows to break the symmetry of a regular photonic lattice by combining both. We presented experimental data of optically induced localized as well as defect structures using the introduced incremental multiplexing techniques. In this regard, it should be noted that a threedimensional defect configuration is possible as well, since the longitudinal symmetry of nondiffracting writing beam propagation can be broken additionally by introducing proper light fields. 19 Hence, our field switch multiplexing technique is a perfect platform for experimental studies on the influence of defect sites in various types and variable amplitude on the propagation behavior of defect modes as well as defect solitons.
4(a) and 4(d). In this

